This current Special Topic section of the AJP: Heart & Circulatory Physiology focuses on five studies that examine mechanisms involving small GTPase-binding proteins (3, 9, 11, 16, 20) . Although formerly primarily in the domain of cancer research, it has become increasingly clear that these proteins will be important in transducing the molecular changes in cardiovascular diseases as well. Studies of the role of small GTPases in the heart, vascular smooth muscle, and endothelial cells have focused on functions related to the regulation of gene expression, cell growth, movement, development, and cytoskeletal organization. The goal of this prologue is to put these molecules into perspective for the readers of AJP: Heart & Circulatory Physiology, in view of the fact that these proteins will be appearing in increasing frequency in the cardiovascular physiology literature.
The Ras-related or small GTPases comprise a superfamily of genes encoding small GTP-binding proteins (20) (21) (22) (23) (24) (25) . These GTPase molecules play an important role in integrating signals from cell surface receptors to intracellular responses. The low-molecularweight GTPases must be distinguished from the more generally recognized heterotrimeric regulatory G proteins, which are two to three times larger than the monomeric small GTPase proteins with more rapid GTPase activity. The large heterotrimeric G proteins are membrane bound and regulate the downstream effector response to membrane-bound, receptor-mediated activity, whereas, the small GTPases are located throughout the cell, depending on their function.
On the basis of structure and function, six subfamilies of low-molecular-weight GTPase proteins have been identified, which include Ras, Rho, Rab, Arf, Sar, and Ran. The original meaning of the abbreviations for small GTPases in many cases has been forgotten because the origin of the terms is based on the oncogenes originally identified. Since then, the study of these proteins has expanded to many different tissues, and only the cryptic acronyms remain. Nonetheless, the derivation of the acronyms, although not always critical to their function, may be of interest. They include Ras (rat sarcoma virus, which is involved in cell growth and differentiation), Rho (ras homologous), Rab/Ypt (yeast protein two, which is involved in regulating exocytosis and endocytosis), Arf (ADP-ribosylation factor, which is involved in vesicle formation and budding), Sar (secretion-associated and Ras superfamily-related gene), Ran (Ras-related RNA transport, which is involved in the transport of RNA and proteins across the nuclear membrane), and Rap (Ras-related protein, which is located in granules of the Golgi and endoplasmic reticulum and involved in growth and development). Closely related to Ras are the Ral-A and Ral-B proteins (Ras related, which appear to regulate the activity of exocytic and endocytic vesicles).
Clearly more molecules will be described shortly in this rapidly expanding field. These Ras-related proteins have similar sequences and are molecular switches that trigger many cellular functions. For example, the Rho subfamily of Ras [Rho A, B, C, D, E/Rnd3, Rnd1/ Rho6, Rnd2/Rho7, RhoG, Rac1, 2, 3 (Ras-related C3-botulinum toxin substrate), Cdc42 (homologous to yeast cell division cycle gene 42), TC10, and TTF] link cell surface receptors to the organization of the actin cytoskeleton and assembly of focal adhesions and actin stress fibers (for review see Ref. 10). As noted above, in the late 1970s and early 1980s, the initial work on small GTPases focused on viral oncogenes. The location of Ras was identified on the inner face of the plasma membrane. Ras proteins bound GDP and GTP with high affinity, and it was shown that the Ras proteins also had an intrinsic GTPase activity (5) .
The most logical, but not the only, link to cardiovascular disease for these proteins are the states of hypertrophy and hyperplasia, which have many features in common with neoplasia, where the original work was done. Indeed, it has been shown that the normal and pathological myocyte response of cardiac hypertrophy This special topic section is a collection of papers accepted under a special call for manuscripts by the Editor. See Journal web site for information about the next call.
is regulated partly by the members of the small GTPase family. Transgenic mice that express oncogenic Ras in the ventricle have morphological, physiological, and genetic markers of severe hypertrophy (7) . An in vitro model of ventricular hypertrophy, the ␣ 1 -adrenergicinduced growth in neonatal ventricular cardiac myocyte culture, has been used to investigate the role of small GTPases in the hypertrophic response, including changes in expression of contractile protein genes, myofibrillogensis, and atrial natriuretic factor (ANF) gene expression. The details of mechanisms by which ␣ 1 -adrenergic agonists stimulate transcriptional activation of the ANF gene and the myofibrillar organization 2 -terminal kinase (JNK) was shown to stimulate ANF gene expression (13) . However, other studies suggested that this was not the only pathway. A parallel path via Rho was implicated in the production of ANF in the hypertrophic response (14) . Involvement of Rho in the cytoskeletal function of cardiac myocytes has been demonstrated by several groups. Rho A in neonatal rat cardiomyocytes has been shown to be activated by another hypertrophic stimulus, angiotensin II, and mediates the angiotensin II-induced formation of premyofibrils (2) . Also, the role of Rho in cardiomyocytes evaluated using botulinum toxin C3, an inhibitor of Rho GTPase, and expression of activated and dominant negative forms of the protein show that Rho and its downstream effector, Rho kinase, have an important role in the structural changes in hypertrophy (6) . However, there is also a contrasting report that Rho regulates gene expression but not actin organization (19) .
Studies using adenoviral-mediated gene transfer of constitutively active and dominant negative isoforms of Rac1 (member of Rho subfamily) to assess the role of this small GTPase in cardiac myocytes suggest that Rac1 is also an essential element of the signaling pathway leading to hypertrophy. Expression of the constitutively active isoform of Rac1 in neonatal cardiac myocytes results in increase in actin filaments, sarcomeric organization, and an increase in cell size like that of ligand-stimulated hypertrophy. In contrast, expression of the dominant negative Rac1 reduced the morphological changes associated with phenylephrine stimulation (12) . Rho was also shown to have an important role in another in vitro model of hypertrophy induced by mechanical stress. Stretch induced the activation of extracellular signal-related kinases (ERKs), expression of skeletal ␣-actin and c-fos genes, and an increase in protein synthesis in neonatal cardiac myocytes (1) . Recently, Sah et al. (15) showed that overexpression of RhoA in an in vivo model leads to sinoatrial (SA) and atrioventricular (AV) nodal changes that produce atrial fibrillation and AV nodal block as well as development of ventricular failure. They did not, however, find myocardial hypertrophy, which certainly provides impetus for further studies in this arena.
Much of the recent work on small GTPases that has appeared in the cardiovascular literature has centered on the actions of the Rho GTPases. Therefore, it is not surprising that all five of the articles in this series deal with the actions of members of this family in heart and vasculature. In one of the studies in this issue, Morissette et al. (9) continue their work on defining the Rho pathway described above. This study further delineates the contributions of the Rho pathway with the demonstration that a protein kinase C-related kinase is a downstream effector of Rho in the ANF transcription component of the response to ␣-adrenergic stimulation.
The Rho family of GTPases also has well-documented functions on vascular smooth muscle contraction, proliferation, or actin cytoskeletal organization. Of particular interest is the role of Rho in ''calcium sensitization'' of smooth muscle (for review see Ref. 18 ). The explanation of this phenomenon is that RhoA leads to activation of Rho-dependent kinase and subsequent phosphorylation of the regulatory subunit of myosin light chain phosphatase, producing inhibition of phosphatase acitivity. The result is more phosphorylated myosin light chain and therefore more contraction at the same calcium level. Agonists such as angiotensin II (21) and thrombin (17) have been identified as initiating stimuli for Rho-mediated changes. Whereas activation of purinergic receptors lead to number of changes in vascular smooth muscle, they have not previously been connected with the Rho pathway until a study reported here. Another group of large G protein-coupled receptors are now reported to link with Rho. Sauzeau and colleagues (16) have opened a new area of investigation by showing that the purinergic receptors, P2Y 1 , P2Y 2 , P2Y 4 , and P2Y 6 are coupled to Rho and Rho kinase activation in vascular myoctyes in culture and that this leads to both actin cytoskeletal organization and the induction of calcium sensitization.
Because the small GTPases produce cell growth and proliferation in many different preparations, it is not surprising that they are considered candidates for investigation in conditions of vascular smooth muscle proliferation in injury. Two of the studies in this issue link the Rho pathway to restenosis, which can also be related to cellular growth. Muniyappa et al. (11) show that Rho is inhibitory to the pathway by which interleukin-1␤ (IL-1␤) induces the expression of inducible nitric oxide synthase (iNOS). This study builds on earlier data relating IL-1␤ to the induction of iNOS and a role for NO in reducing neointimal proliferation in injury with implications for restenosis. Eto et al. (3) has also investigated the role of Rho in restenosis. In a pig model, Rho kinase activity was reduced by the introduction of an adenoviral vector encoding a dominant negative form of Rho kinase into the vessel wall after balloon injury. The neointimal formation at the site of injury was suppressed compared with animals into which the ␤-galactosidase was introduced as a control, providing further evidence for a role for Rho in cell proliferation in injury.
The final study addresses the involvement of Rho in signals for muscle differentiation (20) . RhoA and integrin are related in focal adhesion formation and stress fiber assembly (review Ref. 8 ). This provides a rationale for investigating the involvement of integrin in RhoA regulation of skeletal ␣-actin promoter activity. Here, Wei et al. (20) expands on their early studies showing that RhoA regulates expression of skeletal ␣-actin by demonstrating that ␤1-integrin stimulates Rho-dependent activation of the skeletal ␣-actin promoter. In this process they have also implicated the focal adhesion kinase and phosphatidylinositol 3-kinase.
There remain unresolved questions as to the contributions of each low-molecular-weight GTPase protein to different components of myocardial and vascular hypertrophy and hyperplasia, as well as interactions among the pathways. Differences between the effects in in vivo versus in vitro situations and between cells during development versus mature cells need to be clarified. In addition, the role of the guanine nucleotide exchange factors and GTPase-activating proteins in regulating the small G proteins is only beginning to be explored in relation to cardiovascular disease.
